Introduction
Lead zirconate titanate (PZT) based piezoelectric ceramics are currently the most used in the manufacture of actuators, sensors and other electromechanical devices. Lead is a toxic element and therefore environmentally unfriendly, so there is a need to replace PZT with less toxic piezoelectric ceramics. There are many possible alternatives for their replacement among which the potassium sodium niobate (K x Na 1Àx )NbO 3 (KNN) based ceramics are one of the most promising, having a high Curie temperature and moderate piezoelectric charge coefficients [1] .
Pure KNN is difficult to synthesize and compared to PZT, its piezoelectric coefficients are low. It has been reported that when isovalent elements like Li, Ta and Sb (0.04, 0.1 and 0.04 moles respectively) are added to KNN, their piezoelectric properties are improved [2] . The authors attributed this improvement in piezoelectric properties to the occurrence of a morphotropic phase boundary (MPB). It has been suggested that at this phase boundary, a coupling between different polarization directions enhances the piezoelectric properties. A MPB is well known to exist in PZT [3] . For a piezoelectric ceramic to be classified as having a MPB, the piezoelectric properties should not depend heavily on temperature [4] . Some researchers have investigated the temperature dependence of the piezoelectric coefficients of Li-, Ta-and Sb-modified KNN and found a strong correlation between increasing piezoelectric coefficients and decreasing phase transition temperature [5] . They proposed the term "polymorphic phase transition" (PPT) as being more appropriate since both the Curie temperature (T C ) and the temperature at which the tetragonal to orthorhombic (T TÀO ) transition takes place are shifted to lower values in comparison to pure KNN [5, 6] . The piezoelectric and electromechanical properties of Li-, Ta-and Sb-modified KNN ceramics are however high and have generated a lot of interest from researchers around the world. It is known that there are more than one phase in the above stated composition but the structure has not been well studied like in the case of pure KNN. According to Akdogan et al. [7] , the room-temperature state of KNN ceramics doped with Li, Ta and Sb consists of two ferroelectric phases, tetragonal and orthorhombic. The authors assigned the structure of the tetragonal phase to P4mm, while that of the orthorhombic phase to Pmm2 with all reflections allowed. Akdogan et al. ruled out Amm2 as a possible orthorhombic phase arguing that it has an "unrealistically" large volume for a perovskite with a primitive unit cell. They claimed that such a large volume should correspond to a doubled unit cell, which in turn implies an anti-ferroelectric state and such a state was not revealed by hysteresis loop measurements [7] . Actually, in Amm2 two of the fundamental translation vectors are along the cubic {110} directions, instead of all three to be along {100} as in the case of P4mm and Pmm2. Hence, the unit-cell volume of Amm2 is considerably larger as compared to Pm 3 3m, without requiring a doubling of the unit cell and a consequent anti-ferroelectric state. A textbook example for a ferroelectric single-perovskite material with Amm2 symmetry is BaTiO 3 . Therefore, Amm2 is also a plausible symmetry for the orthorhombic phase of modified KNN ceramics. (K x Na 1Àx )NbO 3 ceramics are a solid solution of ferroelectric KNbO 3 and anti-ferroelectric NaNbO 3 . Studies on this material have been reported since the 1950's with some of the publications mainly focused on determining their piezoelectric and electro-mechanical properties. Structural studies were presented on NaNbO 3 and KNbO 3 [8, 9] . A detailed phase diagram of KNN ceramics was published by Ahtee and Glazer where the lattice parameters and tilted octahedral settings in this solid solution were presented [10] . At room temperature, there are phase boundaries at x % 0.18, 0.35 and 0.48 respectively.
Recently, more research has been carried out on the structural properties of this composition using different techniques. A combination of a theoretical and experimental approach to investigate the properties of KNN at x ¼ 0.5 has been reported where it was stated that a rhombohedral phase exists at room temperature which could not be detected earlier using X-ray diffraction [11] . A detailed structural study of (K x Na 1Àx )NbO 3 has also been carried out where x ranges from 0.24 to 0.36 and the results presented varied slightly from previous reports with a phase coexistence region at the transition between monoclinic and tetragonal phases [12] . Evidence was also found to support the earlier assertion that intermediate oxygen octahedral tilting is present in the tetragonal phase. Low temperature studies have been made at x ¼ 0.05 and x ¼ 0.3 which showed that the structures have a rhombohedral symmetry with a space group R3c and a tilt system a À a À a À [13] . There are little or no studies on the structural properties of KNN modified with lithium, tantalum and antimony at elevated temperatures. In this investigation, KNN modified with Li, Ta and Sb was chosen because it has so far, one of the highest piezoelectric properties of lead-free piezoelectric ceramics [2] . The objective of this article therefore is to determine quantitatively the relative amount of the phases present, their lattice parameters as they change with temperature and their phase transition temperatures.
Experimental details Sample preparation
The sample was produced through the conventional ceramic solid state reaction method. K 2 CO 3 , Na 2 CO 3 , Li 2 C for 4 h, they were mixed and attrition milled for 4 h and then calcined in air at 750 C for 4 h. The milling and calcination steps were repeated to homogenize the powder and also to ensure that the required phase was formed. The mixture was pressed into a disc of 12.5 mm diameter first using a uniaxial press at 170 MPa and later with a cold isostatic press at 500 MPa for 2 min. The pellets were sintered in air at 1075 C for 1 h with a heating and cooling rate of 3 C/ min and 10 C/min respectively. The pellets were ground for both chemical analysis and synchrotron X-ray diffraction measurement. In order to reduce residual stresses, the samples were annealed at 750 C for 30 min. Optical emission spectroscopy/Inductive coupled plasma (OES-ICP (PE-Optima 7000 DV)) characterization technique was used to determine quantitatively the amount of each element present and possible elements introduced during processing. Four separate measurements were made and the values were averaged to obtain the final result. The results of the OES-ICP analysis are shown in Table 1 . Some of the elements with a lower melting temperature (Li, K and Sb) were lost due to sublimation during the sintering process with the highest loss being observed for Sb. As a result, the sample contains vacancies on the Asite of the perovskite structure.
Elements like Na, Nb, Ta and O had slightly higher amounts than calculated for the synthesis. Since the starting powders are not 100% pure, it is possible that some of the powders contained small amounts of these powders in excess. The final composition was adjusted to reflect the changes in the amounts of elements present after the chemical analysis. Zirconia balls were used to mill the powders and the analysis showed that 0.91 g/kg of zirconium was present in the sample. It was assigned to the A-site of the perovskite for the refinement. Finally, we concluded that our actual composition is (K 0.37 Na 0.52 Li 0.03 )(Nb 0.87 Ta 0.1 Sb 0.03 )O 3 .
Synchrotron X-ray data collection and refinement
The synchrotron X-ray diffraction data were collected at the synchrotron facility (HASYLAB/DESY beamline B2) in Hamburg from 20 C to 400 C in steps of 20 C. High temperature measurements were performed using a capillary furnace from Stoe & Cie type 0.65.3. Data were recorded by a position sensitive detector [14] at a wavelength of 0.6881 A. More details about the experimental setup at the beamline can be found in the Ref. [14, 15] .
All the collected data were refined by the Rietveld method using Fullprof suite [16] . Due to phase coexistence (orthorhombic-tetragonal) in the collected diffraction Synchrotron XRD of KNN-LiTaO 3 --LiSbO 3 ceramics patterns over a wide range of temperatures (20 C to 180 C), a two-phase model of orthorhombic Amm2 and tetragonal P4mm was used for the refinement. In Amm2, the different values of b o and c o lead to a rhombic distortion of the (001) C plane resulting in an expansion along [110] C . The subscript 'o' denotes the orthorhombic cell. Due to symmetry restrictions, the amount of refinable parameters in Amm2 is smaller than in Pmm2. Therefore Amm2 was used instead of Pmm2. Between 200 C and 320 C a single phase model with P4mm was applied. Above 340 C, the P4mm phase was no longer appropriate, so the refinement did converge further up to 400 C using the Pm 3 3m space group. The background under the peaks was refined using a linear interpolation between points from the regions in which no reflections contributed to the intensity. The model used was based on a T--C--H pseudo-Voigt profile function which is convoluted with asymmetry due to axial divergence as formulated by [17] and using the method of Finger et al. [18, 19] . The atomic positions were refined for the oxygen and B-site cations while the isotropic atomic displacement parameters B iso were refined for all the elements. Efforts to refine the structure using anisotropic displacement parameter were not successful. The broadening model in the general strain formulation was used to refine the strain in the sample [20] . The full experimental details and refinement results for some selected temperatures are as given in Table 3 . The crystal structure image was produced using the crystallographic software DIAMOND [21] .
Temperature dependent measurement of dielectric constant
The samples were coated on both surfaces with silver paints which acted as electrodes for the dielectric property measurement. The temperature dependence of the dielectric properties of the ceramics was measured from 20 Hz to 1 MHz with an LCR meter (HP 4284A, Agilent Technologies, Inc., Palo Alto, USA) connected to a heating chamber.
Results and discussion C respectively. Figure 1a shows the profile at 20 C where the two-phase model was used to refine the structure while Fig. 1b and c show the profiles where a single phase model (tetragonal and cubic, respectively) was used. The enlarged insets in Figs. 1a to c indicate the higher 2-theta regions (35 to 50 ) in the diffraction patterns. The splitting of the peaks due to the two-phase composition can be seen in Fig. 1a , while in Fig. 1b the single phase tetragonal splitting can be observed. The inset in Fig. 1c depicts no reflection splitting for the cubic phase. Table 2 gives the fractional atomic coordinates and isotropic displacement parameters for some refinements at selected temperatures showing the two phase regions (20 C and 100 C), single phase tetragonal region (200 C) and the cubic phase (360 C). The unit cell parameters as a function of temperature are shown in Fig. 2 . The data were refined up to 180 C using a two-phase analysis approach because the refinement using one phase was not successful. The percentage of the constituent phases present was calculated through the scale factors involving the product of mass and volume of the unit cell contents of each phase. In this tech- nique, the weight fraction of the phase, (W P ) can be obtained using the following equation;
where W p is the relative weight fraction of phase p in a mixture of j phases while S, Z, M and V are respectively the Rietveld scale factors derived from the refinement, the number of formula units per unit cell, mass of the formula unit and the unit cell volume. 
tetragonal, P4mm
Cubic, Pm 3 3m
3.95000 (7) 3.95779 (6) The orthorhombic Amm2 (38) and the tetragonal P4mm (99) space group were chosen for the refinement up to 340 C while the cubic phase Pm 3 3m (221) was used from 360 C to 400 C. The first two phases coexisted from 20 C to 180 C while only the tetragonal phase was present from 200 C to 340 C. For the orthorhombic phase, the cell parameters a o and c o increased with increasing temperature while b o decreased. The orthorhombic cell parameters b o and c o were divided by ffiffi ffi 2 p for better representation and they fit well with a t and c t from the tetragonal phase. The subscript 't' denotes the tetragonal cell. In the tetragonal phase, the c=a-ratio increased up to 80 C. Above this temperature, a constant decrease of the c=a-ratio could be observed up to the ferroelectric-paraelectric phase transition.
In Amm2 space group, the different values of b o and c o lead to a rhombic distortion of the (001) C plane resulting in an expansion along [110] C . The pseudocubic lattice parameter a pc can then be calculated using the formula:
The pseudo-monoclinic angle b was derived from the relation;
The plot of the calculated pseudo-monoclinic angle as a function of temperature is shown in Fig. 3 . As the values of of b o and c o changes (Fig. 2) , the pseudo-monoclinic angle increases with temperature. The sample was polished and later ground to fine powder in preparation for the synchrotron measurement. Quite often this mechanical treatment produces stresses and strains which were introduced to the sample and to release them, the powder was annealed. The diffraction peaks for the patterns at lower temperatures (especially at T $ 20 C) show that they were significantly broadened.
Microstructural analysis was done with the anisotropic peak broadening model from Stephens [20] . In the tetragonal phase especially, very high strains are reached in the polar direction for 00l t reflections. Thus the largest deviations of d-values are found along the polar axes. For lamellar domains, this indicates that the polar axes are oriented along the width of the domains. The best explanation for this configuration is in the 90 domains published for BaTiO 3 [22] and PZT [23] instead of 180 domains. A possible explanation for the peak broadening could be that the micro-strains which were introduced during processing were not completely removed by annealing. These anisotropically broadened reflections may result from strain fields which lead to different d-values. At low temperatures, the anisotropic broadening of the peaks can be interpreted in terms of compressive stresses which result in smaller tetragonal c=a ratios. As the temperature is increased, the lattice relaxes, which leads to the formation of larger-sized domains and as a result, a more consistent tetragonal c=a-ratio is obtained.
A plot of the dielectric permittivity as a function of temperature is shown in Fig. 4 existing phase transforms to another phase but it is difficult to observe in this diagram [7] . The obtained dielectric constant values indicate a maximum at %335 C which corresponds to the temperature of the second order phase transition from tetragonal to the cubic phase. The T C obtained from the dielectric constant measurement confirms the result of the Rietveld refinement from the X-ray diffraction data.
The unit-cell volume of the orthorhombic, tetragonal and cubic unit cells are shown in Fig. 5 . As the temperature increases, the volume of the unit cell also increases but the volume increase for the different phases at low temperatures was not uniform. This behaviour can also be explained by the micro-strains in the sample. Figure 6 shows the weight fractions of the different phases as a function of temperature. Between 20 and 40 C, the tetragonal and orthorhombic phases exist at approximately 47 and 53% respectively. Above this temperature, the fraction of the tetragonal phase increases while that of the orthorhombic phase decreases. The reason for this occurrence could be due to relaxation from microstrain in the sample at near room temperature. The strain induces a phase transition to the high temperature phase which maybe accompanied by the formation of domains. Above 180 C, the weight fraction of the tetragonal phase is 100% while above 340 C; the weight fraction of the cubic phase is 100%. The theoretical density for this composition at 20 C was calculated using the mixture rule to be 4.845 g/cm 3 . The structure representation of the refined (K 0.37 Na 0.52 Li 0.03 )(Nb 0.87 Ta 0.1 Sb 0.03 )O 3 at 20 C is shown in Fig. 7 . At room temperature the b o and c o unit-cell parameters are almost the same, while the a o unit-cell parameter is shorter (Fig. 2) C a clear two-phase coexistence can be observed with a dominating orthorhombic phase. In this temperature region internal strains from the microstructure decrease with increasing temperature and lead to a relaxation of both phases ( Fig. 2 and 3) . From 80 C to 140 C a continuous phase transition from orthorhombic to tetragonal takes place. Above 140 C an additional distortion of the orthorhombic phase can be observed (Fig.  3) . This unexpected behavior can either be due to strain from tetragonal domain growth or an artifact resulting from the residual anisotropic reflection broadening. This effect is well known for PZT and could be related to real structure effects from the microstructure [24, 25] mics starting from 20 C to 400 C using a 20 C measurement step. Chemical analysis carried out on the sample showed that small amounts of Zr were introduced during the processing and that small amount of some volatile elements (Li, K and Sb) were lost after sintering. The Rietveld refinement method using Fullprof suite has been applied in this work to successfully refine the structure of this ceramic material. An orthorhombic phase with space group Amm2, a tetragonal phase with space group P4mm and a cubic phase with space group Pm 3 3m were used to refine the structure from 20 C to 400 C. The quantitative analysis showed that while both the orthorhombic and tetragonal phase were present up to 180 C, only the tetragonal phase remained up to 340 C and above this temperature, the cubic phase was present.
